Abstract
Introduction
Prior to pregnancy, the uterine circulation is high resistance. As the placenta develops in the first and second trimesters, extravillous trophoblast invades the walls of the resistance vessels in the myometrial layer of the uterus, and the vascular resistance of the uterine circulation declines 1 . This physiological process is mirrored by an increasingly low resistance pattern of flow in the uterine arteries 2 . Failure of trophoblast invasion of the uterine resistance vessels is implicated in a number of the major complications of pregnancy such as pre-eclampsia and fetal growth restriction 3 .
Consistent with this, the presence of a high resistance pattern of UtA Doppler flow in mid-gestation is associated with an increased risk of these complications 4 . UtA Doppler flow velocimetry has been shown to provide useful prediction of the risk of pre-eclampsia and stillbirth 5 . However, its use is generally confined to women who are high risk. Currently, the primary method for assessing the vascular resistance of the uterine circulation is ultrasonic Doppler flow velocimetry of the uterine arteries 6 .
Commonly measured indices include the pulsatility index (PI) and the resistivity index (RI) 7, 8 . PI describes the variability of blood velocity across the cardiac cycle; peak systolic velocity (S), minus minimum diastolic velocity (D), divided by the time averaged mean (M) ((S-D)/M), while RI is calculated from (S-D)/S 9, 10 .
MRI (magnetic resonance imaging) is becoming more widely used in fetal imaging, and in placental studies 11, 12 , It is particularly valuable when ultrasound is technically problematic due to maternal body habitus, fetal position or advanced gestational age 13, 14, 15 . 23, 24 . All the examinations were performed using the same GE Voluson E8 (GEHC, Waukesha, WI, USA) ultrasound machine with a 2-5MHz multifrequency curvilinear transducer adhering to the following standardised guidelines 24 .
The Doppler measurement was taken 10mm downstream to the point of apparent crossing of UtA and the external iliac artery (Figure 1a ) 24 . The sample gate was set at 3mm to include the whole vessel, and an angle of insonation <40 o was used. Pulsewave Doppler US was used to obtain three separate UtA waveforms, and the inbuilt automatic waveform analysis calculated the mean UtA RI and PI 24, 25, 26, 27 . The mean of three consecutive measurements was recorded ( Figure 1b) .
MRI
All MRI examinations were performed using an 8-channel cardiac array coil and the same 1.5T MRI system (MR450), GE Healthcare, Waukesha, WI, USA).
Initial breath-hold sagittal and axial imaging through the uterus was obtained with a fast-imaging employing steady-state acquisition (FIESTA) pulse sequence. Following these, an oblique coronal image plane was positioned immediately superior to, and parallel with, the external iliac arteries. A cardiac-gated cine phase-contrast study was and three left UtA were excluded; two UtA were not identified due to motion artefact corrupting the PC acquisition, one was not identified due to an adjacent pulsatile vessel creating a ghosting artefact, and three were not identified due to technical error where the PC acquisition plane was incorrectly positioned. Only in one women were both UtA excluded.
Statistical analysis
Of the remaining 34 participants, 30 were Caucasian, two were Oriental, and two were Asian with a mean maternal age of 32 years (range, 20-41 years). There were no adverse outcomes and all 34 women had normal live births. The mean birth weight was 3405g (range 2520g-4180g) and the mean gestation at delivery was 40 weeks (range, 37-42 weeks).
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The level of agreement, or bias, between phase contrast MRI and ultrasound is shown in Table 1 . This demonstrates a relatively small difference in values for the less well established phase contrast method, with an overall relatively small bias which are illustrated graphically in figure 4 . All the results from both ultrasound and MRI examinations were within normal ultrasound reference values (Table 2 ) with the MRI values being slightly higher than the ultrasound values. There was no relationship or trend between the differences in the MRI and ultrasound measurements and the magnitude of the measurements.
Intra-rater variability for the MRI measurements is reported in (Table 3) 
Discussion
To our knowledge the use of MRI in the early third trimester of pregnancy for identifying the UtA and calculating a PI and RI has not been previously reported.
Previous MRI studies have attempted to quantify blood flow in the UA 18, 21 . Our results show that in the majority of cases it is possible to identify the UtA using phase-contrast MRI, obtain a PI and RI value similar to that of ultrasound, and record flow waveforms that are comparable to those acquired using Doppler ultrasound. Issa Our study used a larger cohort of women compared with other studies, and the MRI in-room time of 25-30 minutes was better than previous studies that reported 40 minutes 14 . This did not include analysis time, therefore, the ultrasound examination time of 20 minutes including analysis and reporting was, as expected, more efficient.
The MRI examination was well tolerated by the participants, although the extended scan time remains a disadvantage, with analysis currently being labour-intensive.
Calculating the PI and RI using our software was quick, however, manually drawing a whereas MRI is relatively robust to errors in angulation, and may also be useful for assessing small vessel sizes 30 .
Future work will need to include studies using larger populations at differing gestational ages. The published studies to date have used normal sample populations.
Studies examining high risk third trimester pregnancies are necessary to evaluate pregnancies with abnormal PI and RI values. Future studies will benefit from including a more diverse range of gestational ages from 20 -40 weeks to correlate with the current Doppler ultrasound reference standards, and assessing participants with a high BMI as this is a growing population, and a cohort that is technically difficult to evaluate using ultrasound 31 .
It can be argued that Doppler ultrasound PI and RI simply provide a ratio of measurements and do not truly reflect absolute flow quantification, and their limitations have been acknowledged 21, 32 . MRI may prove an alternative, quantitative technique to complement the use of ultrasound and with further optimisation such as 12 using 3 Tesla scanners with an improved signal-to-noise-ratio could potentially estimate absolute flow, which may provide a more accurate biomarker for predicting PE and IUGR thus leading to more in depth information on the placenta.
Conclusion
This early third trimester study, in normal singleton pregnancies, demonstrates Table 3 Illustrates the MRI ICC based on benchmarks set by Altman 35 . Results demonstrate "good" inter-rater agreement for the right UtA PI and RI and "very good" inter-rater agreement for the left PI and RI
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Figure 1
Illustrates the UtA location on ultrasound (a), and the resulting waveform (b) at 30 weeks gestation. profile "UterineL-Bg" or "UterineR-Bg").
